The electronic structure and phase stability of MgO, ZnO, CdO, and related alloys in the rocksalt ͑B1͒, zincblende ͑B3͒, and wurtzite ͑B4͒ crystal structures were examined within first-principles band structure theory; the thermodynamically stable phases are reproduced for each material. The band alignment and bandgap deformation potentials were analyzed, showing an increase in the valence band maximum from Mg to Zn to Cd. Ternary alloy formation was explored through application of the special quasirandom structure method. The B1 structure is stable over all ͑Mg,Cd͒O compositions, as expected from the preferences of the binary oxides. The ͑Mg,Zn͒O alloy undergoes a tetrahedral to octahedral transition above 34% Mg content, in agreement with experiment. For ͑Zn,Cd͒O, a transition is predicted above 62% Cd content. These results imply that band-gap manipulation of ZnO from alloying with Mg ͑Cd͒ will be limited to 4.0 eV ͑1.6 eV͒, while preserving the tetrahedral coordination of the host.
I. INTRODUCTION
Demand for greater flexibility in emission wavelengths, increased device performance, and reduced cost is directing the search for new optoelectronic materials away from traditional Al, Ga, and In nitrides, and their solid solutions. Currently, devices composed from the binary oxides of Mg, Zn, Cd, and related alloys are generating considerable interest as they can provide, in principle, an accessible direct band-gap range from around 2.3 eV ͑539 nm͒ to 7.7 eV ͑161 nm͒. This makes them promising candidates even for deep ultraviolet ͑UV͒ lighting applications. 1, 2 Despite the relatively small atomic size mismatch between Mg and Zn, and similar chemical character between Zn and Cd, alloy formation in this system is greatly affected by a segregation outside certain stable compositional ranges. 2 While being formally isovalent, MgO, ZnO, and CdO are not isostructural. The binary oxides of Mg and Cd adopt octahedral coordination in the cubic B1 rocksalt structure ͑Fm3m͒, 3 while Zn favors tetrahedral coordination in the hexagonal B4 wurtzite structure ͑P6 3 mc͒. For ZnO, the cubic B3 zincblende polymorph ͑F43m͒ lies slightly higher in energy due to its reduced Madelung constant, but the local fourfold coordination environment is similar to wurtzite. Due to this mismatch in coordination preference, alloys formed from Mg, Zn, and Cd exhibit a sensitive structurecomposition dependence, with B1, B3, and B4 crystals observed at various alloy compositions and experimental conditions. 2, 4, 5 Knowledge of the electronic structure and band alignment of the binary oxides in each crystal structure is therefore of key importance in understanding the alloy properties. Furthermore, due to the forced coupling between the shallow Zn and Cd d states with O 2p away from ⌫ in a centrosymmetric O h environment, formation of B1 alloys will induce lowintensity indirect transitions unfavorable for optoelectronic applications, so the compositional transition point from tetrahedral to octahedral coordination is imperative.
To provide a better understanding of the relationship between the geometric and electronic structure, we have performed first-principles calculations and detailed electronic structure analysis of MgO, ZnO, and CdO in the binary B1, B3, and B4 structures. This includes analysis of the spinorbit and crystal-field splittings, in addition to the band-gap deformation potentials. Band-alignment calculations show that the valence band ͑conduction band͒ rise ͑fall͒ on transition from MgO to ZnO to CdO, qualitatively independent of the crystal structure. The properties of the random alloys are also investigated. The B1 phase is found to be stable over all ͑Mg,Cd͒O compositions, as expected from the preferences of the binary oxides. The ͑Mg,Zn͒O alloy is predicted to undergo a tetrahedral to octahedral transition above 34% Mg content, in agreement with experimental data. For the ͑Zn,Cd͒O system, a transition is estimated above 62% Cd content. These results provide a good guideline for the accessible phase space in these alloy systems. Using both the calculated phase transition points and band-gap bowing, we estimate the accessible band-gap range for Zn-rich Cd and Mg tetrahedral alloys as 1.6 to 4.0 eV.
II. COMPUTATIONAL METHODS
Calculations were performed using the first-principles density functional theory 6, 7 ͑DFT͒ based on local density approximation 8 ͑LDA͒, as implemented in the relativistic linearized augmented plane wave ͑LAPW͒ method. 9, 10 The muffin-tin radius of O, Mg, Zn, and Cd were chosen as 1.54, 2.00, 2.00, and 2.40 a.u., respectively. The shallow Zn 3d and Cd 4d states are treated in the same footing as the other s and p valence states. The cut-off kinetic energy for the plane wave basis wave functions is 24 Ry. The Monkhorst-Pack 11 k-point meshes of 8 ϫ 8 ϫ 8 for the binary structures and equivalent k points 12 for the superstructures were employed. The bulk structures were each optimized to their equilibrium volumes through minimization of the total energy. The bulk moduli B and pressure derivative of the bulk moduli BЈ were obtained though a fit of the energyvolume data to the Murnaghan equation of state. 13 The bandgap volume-deformation potentials ͑a V ͒ were obtained from the relation
while the pressure deformation potentials ͑a P ͒ were obtained through the application of the bulk modulus:
͑2͒
For the determination of the band alignments and alloy formation, only the cubic B1 and B3 structures were explicitly considered, as differences between the direct gap zincblende and wurtzite electronic structures are not large. 14, 15 To calculate the "natural" valence band offsets between two binary oxides AO and BO at their respective equilibrium lattice constants, we first calculate the band offsets when the two compounds are in their averaged lattice constant using the approach similar to that used in core level x-ray photoemission spectroscopy, 16, 17 that is
which is the energy difference between the valence band maximum ͑VBM͒ and core level at the average lattice constant. ⌬E C,C Ј AO/BO ͑av͒ = E C Ј BO ͑av͒ − E C AO ͑av͒ is the energy difference between the two core levels, which can be obtained through a calculation for an unrelaxed ͑AO͒ n / ͑BO͒ n superlattice at the average lattice constant. In this study, the isostructural band offsets were derived using the 1s core energy levels as references and ͑001͒ oriented superlattices. For the B1-B3 offsets, the nonpolar ͑110͒-oriented interface was not chosen due to reported bonding variation at this interface. 18 Instead, a low strain ͑111͒ interface was adopted, with an interchange of the anion-cation positions used to average the effects of the dipole. After the band offset is obtained at the averaged lattice constants, the shifts of the VBM states from the averaged lattice constant to equilibrium lattice constant for the binary compounds arising from the VBM absolute deformation potentials 19, 20 are included. This approach thus provides a more accurate way to calculate the natural band offsets without making assumptions to the deformation potential of core levels or other reference states. 17 The random A 0.5 B 0.5 O alloys were modeled within 16-atom ͑eight mixed cation atom͒ supercells using the special quasirandom structure ͑SQS͒ approach 21, 22 to determine the cation site occupancies. These SQS structures ͑SQS8͒ are constructed so that the physically most relevant atom-atom correlation functions approach those of random alloys. We assume that the alloys obey Vegard's law, 23 i.e., the alloy lattice constants are represented by the averaged lattice constants of the constituents. The internal atomic positions inside the SQS cell are fully relaxed through minimization of the quantum mechanical force on each atom to below 0.01 eV/ Å. Equivalent k-point meshes were employed for each SQS structure to ensure good precision when comparing the total energies. 12
III. B1, B3, AND B4 BINARIES

A. Structural properties
The ground states of MgO, ZnO, and CdO are in the B1, B4, and B1 structures, respectively. The experimental structural parameters 24 are given in Table I . The LDA-calculated B1, B3, and B4 structural parameters, and total energy differences for MgO, ZnO, and CdO are listed in Table II . The calculations reproduce the thermodynamically stable phase of each compound and are in good agreement with experiment and previous theoretical studies. 25, 26 The energy difference between the B3 and B4 polymorphs is less than 25 meV per f.u. for ZnO and CdO, and is increased to 75 meV for the highly ionic MgO, with B4 being more stable in each case.
The lattice constants of MgO and ZnO are almost matched. It is interesting to note that in the more ionic B1 structure, MgO is smaller than ZnO, whereas in the more covalent B3 or B4 structure, MgO is larger than ZnO. The lattice constant of CdO is about 10% larger than that of ZnO and MgO. In the B4 structure, the c / a ratio for ionic MgO and CdO differ significantly from the ideal value of ͱ 8 / 3 = 1.633. To keep the bond lengths similar along and away from the c direction, the u parameter should increase when the c / a parameter decreases ͑in the ideal case, uc / a = ͱ 3 / 8͒.
The bulk moduli are always larger for the B1 structures due to its smaller volume, with the B3 and B4 values almost identical for each compound.
B. Band gaps
The calculated band-gap energies are underestimated by the LDA. For B1 MgO, the separation of 4.87 eV between the valence and conduction bands is significantly less than the accepted value of 7.67 eV. In B4 ZnO, the band gap of 0.83 eV relates to the experimental gap of 3.44 eV. For B1 CdO, there is a direct ⌫ − ⌫ splitting of 1.08 eV, but here the VBM is found along the ⌫ − L line ͑due to p − d coupling away from the zone center͒, resulting in a negative indirect gap of −0.46 eV ͑the experimental value is ϳ0.84 eV͒. Similarly, when placed in the B1 structure, ZnO also exhibits a calculated indirect fundamental gap of 1.12 eV, 1.5 eV less than the direct ⌫ − ⌫ separation of 2.62 eV. Although the LDA calculations severely underestimate the band gap at ⌫, the calculated trends are correct. The B1 structures exhibit the largest band gaps at ⌫ due to the small volume, as well as lack of p − d repulsion at the ⌫ point in the O h environment. The band gap of the B4 structure is usually larger than the B3 structure due to an increased level repulsion between the valence and the conduction state in the reduced symmetry B4 structure. 27 However, the trend is reversed for MgO. This is because for B4 MgO, the ratio c / a = 1.534 is significantly smaller than the ideal value of 1.633, which leads to a large negative crystal field splitting and smaller band gap ͑see below͒.
C. Spin-orbit and crystal-field splittings
For the cubic B1 and B3 structures, the spin-orbit splitting ͓⌬ 0 = E͑⌫ 8 ͒ − E͑⌫ 7 ͔͒ can be obtained through a direct comparison of scalar-relativistic and fully relativistic calculations, which splits the sixfold ͑including spin͒ ⌫ 15 valence band into doubly degenerate ⌫ 7 and fourfold degenerate ⌫ 8 components. However, for the hexagonal B4 structure, there is an additional contribution from crystal field splitting ͓⌬ CF = E͑⌫ 6 ͒ − E͑⌫ 1 ͔͒, which splits the fourfold degenerate ⌫ 8 band into two doubly degenerate ⌫ 9 and ⌫ 7 states. Separation of these effects is possible through the application of the quasicubic model of Hopfield 28
.
͑4͒
The derived spin-orbit ͑SO͒ and crystal-field ͑CF͒ splittings for all three compounds in each crystal structure are listed in Table III . In the B1 structure, each material exhibits positive spin orbit splittings, increasing from MgO ͑38 meV͒ to CdO ͑68 meV͒. This is because for the B1 structure, the top of the valence band at ⌫ has pure O p and cation p character. As the cation atomic number increases, the SO splitting increases. In the B3 structure, MgO also exhibits a positive splitting of 34 meV, whereas ZnO and CdO exhibit negative splittings of −39 meV and −54 meV, respectively. The same trend in spin-orbit splittings is observed in the B4 structure. This is because in the tetrahedral environment, the cation t 2d states couple to the O p states; therefore, for ZnO and CdO in the B3 and B4 structures, the top of the valence band at ⌫ contains a significant amount of cation d character. As the d orbital contributes negative SO splitting, the net SO splittings for ZnO and CdO in the B3 and B4 structures become negative, and the magnitude increases from ZnO to CdO because of the large atomic number of Cd. For MgO, there is no active cation d orbital, thus, the spin-orbit splitting is still positive. For the CF splitting in the B4 structure, ZnO has a positive CF splitting ͑101 meV͒ because the ⌫ 1v state at the top of the valence band is pushed down by the ⌫ 1 conduction band minimum ͑CBM͒ state above. However, for CdO the CF splitting ͑50 meV͒ becomes smaller and turns to a negative ͑−334 meV͒ value for MgO. This arises from the reduced c / a ratio for CdO and MgO.
Using the calculated SO splitting ⌬ 0 and CF splitting ⌬ CF for B4 ZnO and Eq. ͑4͒, we find that the order at the VBM of B4 ZnO is E͑⌫ 7 ͑1͒ ͒, E͑⌫ 9 ͒, and E͑⌫ 7 ͑2͒ ͒. This trend is consis- 
D. Band-gap deformation
The calculated band-gap pressure and volumedeformation potentials are listed in Table IV . For the B1 phase, ␣ V ⌫−⌫ is always large and negative, and it becomes less negative on transition from MgO to CdO due to the increase in the anion-cation bond length. For the B3 phase, ␣ V ⌫−⌫ is negative for both MgO and CdO but becomes positive for CdO; the trend remains the same for the B4 phase. The larger deformation potential of tetrahedral MgO relative to ZnO is consistent with the experimentally observed increase in the pressure coefficient on addition of Mg. 29 The ␣ V ⌫−L and ␣ V ⌫−X potentials remain negative in all cases. However, due to the underestimation of the cation d binding energy, the magnitudes of the LDA-calculated band-gap deformation potential are underestimated. Positive band-gap deformation potentials for the ⌫ − ⌫ gap are not found in other semiconductor systems, 14 making tetrahedral CdO an anomaly. In general for the valence band, anion p-cation p coupling results in a strong positive volume-deformation term, which is partially offset by kinetic energy contributions and also by anion p-cation d coupling when shallow d states are present ͑as for Zn and Cd͒. The valence 4d orbitals in CdO are more delocalized; therefore, the p − d coupling is more pronounced in CdO than for ZnO, resulting in a small VBM deformation. However, we find that the absolute deformation potential for the VBM of B3 CdO, calculated using the method described in Ref. 20 , is still positive ͑Table V͒. On the other hand, the conductionband deformation usually has a strong negative contribution arising from the antibonding anion s-cation s repulsion and from kinetic energy effects. However, for CdO, we find that the CBM deformation potential is positive ͑Table V͒, which is responsible for the positive band-gap deformation potential. This is because CdO is more ionic. When the compound is compressed, more O s character is transferred to the CBM state. As O s is more electronegative than Cd s, the more attractive potential pulls down the CBM state, resulting to a positive CBM deformation potential. This indicates that in an extremely ionic compound, the covalent tight-bonding bandcoupling model does not give a correct description of the deformation potentials.
Our calculated deformation potentials are similar to those calculated by Janotti and Van de Walle 30 using LDA, except that our calculated value for MgO ͑-5.40 eV͒ is smaller in magnitude than their LDA value ͑-6.3 eV͒. However, our calculated absolute hydrostatic deformation potentials for the individual VBM and CBM states are quite different from their values, possibly because in their calculation no spherical average 19 is performed, i.e., they only calculated epitaxial deformation potentials. Furthermore, they have reported that LDA+ U calculations give more negative band-gap deformation potentials for B4 ZnO and CdO. However, it is not clear why most of their observed changes occur in the CBM, which is less affected by the Coulomb U applied to the occupied cation d states.
E. Band-edge alignment
The natural band alignment for the valence states are calculated using the procedure described in the previous section TABLE IV. LDA band-gap volume-deformation potentials ͑␣ V , eV͒ and pressure coefficients ͑␣ P , meV/kbar͒. and the calculated absolute deformation potentials of MgO, ZnO, and CdO in B1 and B3 structures ͑Table V͒. The conduction-band offsets are obtained by adding experimental band-gap differences 24 to the calculated valence-band offsets.
The calculated natural band alignments are illustrated in Fig. 1 . The B3 isostructural VBMs increase from MgO ͑0 eV͒ to ZnO ͑1.5 eV͒ to CdO ͑2.3 eV͒. This can be understood from the presence of the shallow core d levels, changes in atomic sizes, and increased covalency of ZnO and CdO relative to MgO. 17 In the B1 phase, p − d coupling is restricted at ⌫, and both the ⌫ − ⌫ and L − ⌫ offsets are indicated in Fig. 1 . It is clear that both B1 ZnO and CdO contain strong indirect components. The slightly higher VBM of B1 MgO compared to B1 ZnO at ⌫ is due to the larger bond length of Mg-O compared to Zn-O in this ionic system.
It is also interesting to consider the heterostructural offsets of the stable phases of each compound that takes into account the differences in coordination preference. The offset from B1 MgO to B3 ZnO ͑0.7 eV͒ is less than the offset when both are in the B3 structure, indicating that B1 MgO has a higher VBM than B3 MgO. This higher VBM of the octahedral B1 phase compared to the B3 phase of MgO is related to the larger nearest-neighbor separation in the B1 phase and to the fact that the unoccupied Mg d orbital is above O p, thus the p − d coupling pushes down the B3 VBM state of MgO. Recent x-ray photoelectron spectroscopy measurements indicate a type-I alignment for a ZnO/MgO heterojunction, with a valence-band offset of 0.9Ϯ 0.2 eV. 31 This value is in good agreement with our predictions, but significantly higher than the calculated offset of 0.24 eV reported by Lany et al. 32 from a ͑112͒ oriented superlattice.
Our B3 offsets are qualitatively similar to the B4 offsets calculated by Janotti and Van de Walle, 30 but theirs are smaller in magnitude due to a shifting of the cation d states to higher binding energy within the LDA+ U method.
IV. TERNARY ALLOY FORMATION
The three ternary alloys formed from MgO, ZnO, and CdO were investigated in both the B1 and B3 structures at 50% A 0.5 B 0.5 O composition. The resulting structural and electronic properties are listed in Table VI . The formation energy ͑⌬H͒ is defined relative to the total energy of the isostructural component phases, i.e.,
At 50% composition, ͑Mg,Zn͒O exhibits low formation energies in both alloys, with the B3 phase even becoming slightly negative ͑−18 meV per f.u.͒. Such a low barrier to alloy formation arises from the small lattice mismatch ͑1 %͒ and attractive chemical interactions. 33 Similar negative formation energies have recently been reported for Mg and Zn lithium nitride ͑I-II-V͒ alloys. 34, 35 The formation energies are higher for both ͑Mg,Cd͒O and ͑Zn,Cd͒O in the B1 phase, but remain low for the B3 phase; the symmetry lowering upon forming the B3 alloy allows for enhanced structural relaxation and Coulomb binding, which compensates for the increased strain.
The band-gap bowing, representing the deviation away from a linear interpolation of the component band gaps, was calculated according to
In this study, we only calculated optical bowing for the direct band-gap B3 alloys. The calculated results are shown in Table VI . We find that the calculated band-gap bowing increases significantly from the low-mismatch ͑Mg,Zn͒O system to the high-mismatch ͑Mg,Cd͒O and ͑Zn,Cd͒O alloys. The bowing coefficients are much larger compared to those of conventional chalcogenide alloys. For example, for the ͑Zn,Cd͒Te alloy, the band-gap bowing parameter is only about 0.3 eV, 21 much smaller than the value of 2.98 eV found for ͑Zn,Cd͒O. This is consistent with the fact that both the lattice mismatch ͑ϳ6%͒ and valence band offset ͑ϳ0.3 eV͒ in the ͑Zn,Cd͒Te system is smaller than in ͑Zn,Cd͒O. Similar to the derivation of band-gap bowing, we can estimate the phase stability of each alloy over a wider compositional range from both the total energies of the isolated component phases and the A 0.5 B 0.5 O alloys, i.e.,
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The resulting energetic predictions for the B1 and B3 structures ͓E͑B1͒ − E͑B3͔͒ are graphed, assuming a compositionally independent interaction energy ͑⍀͒, in Fig. 2 . For Zn-rich ͑Mg,Zn͒O alloys, tetrahedral coordination in the B3 structure is favored; however, above 34% Mg content a transition to octahedral coordination in the B1 structure is observed. Similarly for ͑Zn,Cd͒O, the B1 structure becomes stable only after the Cd concentration reaches a critical value of 62%. MgO and CdO both favor octahedral coordination and indeed their B1 alloy is predicted to be stable over the entire compositional range.
The results for ͑Mg,Zn͒O are in agreement with both experiment and theory reporting a transition toward the B1 structure above 33% Mg concentration. 5, 33 In other theoretical work, only a single alloy phase was considered, so a direct comparison cannot be made. 26, 36, 37 For ͑Zn,Cd͒O, tetrahedral coordination up to 53% Cd content have been reported. 38 For optoelectronic applications, the direct band gap provided by the four coordinate structures is most desirable. We can predict the accessible band-gap range of tetrahedral ZnO-based alloys by considering the experimental band gaps of ZnO, CdO ͑estimated at 1.6 eV for tetrahedral coordination 39 ͒ and MgO ͑estimated at 6.2 eV for tetrahedral coordination͒, along with the calculated bowing parameters for the B3 alloys. From Eq. ͑6͒, for ͑Zn,Cd͒O and ͑Mg,Zn͒O, the limits of 34% ͑62%͒ Mg ͑Cd͒ content implies an accessible band-gap range limited to between 1.6 eV to 4.0 eV. For ͑Zn,Mg͒O this threshold has been realized in experiment.
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V. CONCLUSIONS
The detailed electronic structure of MgO, ZnO, CdO, and related alloys has been reported in the B1, B3, and B4 structures at the DFT-LDA level. In each case, the valence ͑con-duction͒ bands are found to increase ͑decrease͒ on transition from Mg to Cd. Both B1 ZnO and CdO are found to contain strongly indirect components. Analysis of the ternary alloys indicates that tetrahedral coordination is only stable in Zn alloys with less than 34% ͑62%͒ Mg ͑Cd͒ content. This implies that the direct band-gap range will be limited to between 1.6 eV to 4.0 eV before transformation to the B1 structure takes place. However, these limitations may be overcome experimentally through the application of nonequilibrium growth conditions. 
